We investigate experimentally the influence of the grating reflectivity, grating resolution, and diode facet antireflection (AR) coating on the intrinsic linewidth of an external-cavity diode laser built with a diffraction grating in a Littrow configuration. Grating lasers at 399, 780, and 852 nm are determined to have typical linewidths between 250 and 600 kHz from measurements of their frequency noise power spectral densities. The linewidths are little affected by the presence of an AR coating on the diode facet but narrow as the grating reflectivity and grating resolution are increased, with the resolution exerting a greater effect. We also use frequency noise measurements to characterize a laser mount with improved mechanical stability.
Introduction
Diode lasers have vast applications in atomic physics, because of their reliability, easy tunability, and low cost. 1, 2 Diode lasers alone, however, have linewidths of ϳ20 MHz, 3 which are often too broad for manipulating atoms and are typically not tunable to every wavelength of interest. Optical feedback, achieved by adding an external-cavity element such as a diffraction grating, not only enhances the wavelength tunability, but also reduces the intrinsic linewidth to below 1 MHz. [1] [2] [3] Linewidths of external-cavity diode lasers have been extensively studied both theoretically 4 -13 and experimentally. 14 -19 Theoretical analysis shows that to lowest order, the linewidth of an external-cavity laser is reduced from its original diode chip linewidth ⌬ 0 by the factor
, where d and e are the round-trip times for the diode and the external cavity, respectively. 9 A long external cavity can therefore yield a very narrow intrinsic linewidth at the expense of the mechanical stability and frequency tuning range. Since strong atomic transitions have typical linewidths of several megahertz, it is usually sufficient to work with external cavities that are a few centimeters long, which generate linewidths of several hundred kilohertz.
With a fixed external-cavity length, one can further reduce the intrinsic linewidth by fine-tuning the mechanical and optical designs of the external cavity. Most theoretical models use a simplified approach in that they analyze a cavity formed by an external mirror rather than a grating, and consider only a single longitudinal mode, predicting that the linewidth narrows as the mirror reflectivity is increased. On the other hand, competition between multiple diode chip longitudinal modes has been suggested as a mechanism for linewidth broadening. 4, 20 In that case, the linewidth should also depend on how well neighboring diode chip modes can be suppressed by the grating spectral profile, as characterized by the grating resolution ͞⌬ ϭ mN, where m is the diffraction order, and N is the number of illuminated grating lines.
To the best of our knowledge, the effect of the grating resolution on the laser linewidth has not previously been investigated experimentally. Furthermore, while an antireflection (AR) coating on the front facet of the laser diode is known to improve wavelength tunability, its effect on the linewidth is less clear. Wyatt has reported a significant linewidth dependence on the AR coating of a 1.5 m laser, 16 while another experiment showed no effect for a 1.3 m InGaAsP laser. 17 In the present work, we investigate how the linewidths of near-IR gratingtuned diode lasers (780 nm for Rb and 852 nm for Cs) and near-UV lasers (399 nm for Yb) are influenced by the grating reflectivity, grating resolution, and diode AR coating. We find that the chip AR coating has little effect, while increasing the grating reflectivity at the expense of laser output power can modestly decrease the linewidth, in qualitative agreement with theoretical models. However, we find that a 50% increase in grating groove density reduces the linewidth by almost a factor of 2. This indicates that competition between different longitudinal modes substantially contributes to the line broadening of external-cavity semiconductor lasers and needs to be included into realistic models.
If a reference laser of sufficiently narrow linewidth and high-frequency stability is available, the test laser linewidth can be measured directly by a heterodyne measurement on a fast photodiode, which yields the convolution of the spectral profiles of the two lasers. In this study, we have instead obtained the linewidth by measuring the power spectral density S͑f͒ of the test laser's frequency noise fluctuations. S͑f͒ is expected to display higher noise at low Fourier frequencies due to mechanical vibrations. The noise then falls until it reaches a white-noise level S 0 , at high Fourier frequencies. 21 S 0 is related to the intrinsic Lorentzian linewidth ⌬ by 22
To convert frequency noise into intensity noise that can be measured with a photodiode, either the transmission signal from a Fabry-Perot cavity 23, 24 or the atomic resonance line 21 can be used, where the latter offers the advantage of being insensitive to mechanical vibrations. Using the atomic line to measure noise at low Fourier frequencies, we have also characterized a laser mount with improved mechanical properties, a schematic of which is presented in Section 4.
Frequency Noise Measurements
A typical grating laser used in this study is assembled in a Littrow configuration. 2 We carefully optimize its collimation and grating alignment to achieve the best possible optical feedback using the following procedure: monitoring the laser optical power, we set the laser diode current to just below its threshold value. When the current is dithered, the onset of lasing manifests as a sudden increase of optical power with the current. We assume that the feedback is optimized when the threshold is minimized by adjusting the collimator position and the grating angle. The feedback is much more sensitive to the collimator position than to the grating angle. 21, 25 Figure 1 shows how the wavelength of an ARcoated laser tunes with the current for both optimized and slightly misaligned feedback. When the feedback is optimized, the wavelength tunes smoothly with laser current, with small jumps of 4.5 GHz between external-cavity modes. On the other hand, when the vertical grating angle or the collimator lens is slightly misaligned, large frequency jumps of 48 GHz appear, corresponding to lasing on different residual diode chip modes that have not been completely suppressed by the AR coating.
Once the feedback is optimized, the laser light is sent through an atomic cell and onto an avalanche photodiode with a bandwidth of 300 kHz. This bandwidth is sufficient to measure the intrinsic laser linewidth, because the white frequency noise typically appears from Fourier frequencies of 20 kHz onward. Figure 2 shows a schematic of the setup used to measure the laser frequency noise. The laser wavelength is tuned to a value that matches the slope of a Doppler absorption profile (e.g., 852.33 nm for Cs), so that laser frequency noise is converted into amplitude noise for detection by the avalanche photodiode. For the 399 nm laser, the dichroic atomic vapor laser lock dispersive signal from a hollow cathode lamp (Hamamatsu L2783-70HE-Yb) is used instead. 26 The slope of the absorption line is calibrated by heterodyning the grating laser with a reference laser locked to another atomic cell. The slopes on the two sides of the absorption line are observed to be asym- metric because of the linear increase in laser output power with the wavelength. To remove this linear dependence, we average over measurements on both slopes of the atomic line.
The noise as measured by the avalanche photodiode in Fig. 2 contains both frequency and amplitude noises. We measure the amplitude noise by removing the atomic cell and inserting gray filters to attenuate the beam power to its previous value on the photodiode. We find that the amplitude noise scales approximately as the square root of the power incident on the photodiode, an indication that the amplitude noise at the frequencies of interest is dominated by photon shot noise, in agreement with a calculation using the known photodiode gain. Figure 3 shows both the total noise and the amplitude noise contributions for a typical measurement. The frequency noise is obtained by subtracting the uncorrelated amplitude noise from the total noise in quadrature. The noise below 5 kHz generally reflects mechanical vibrations of the laser mount, whereas the noise above 5 kHz becomes approximately independent of frequency, indicating a Lorentzian line shape. 22 Applying Eq. (1) to the white-noise portion, we measure typical linewidths of the 780 and 852 nm grating lasers to be in the 250-600 kHz range (see Tables  1 and 2 ), which is expected 9 for diodes of length L d Ӎ 1 mm and an index of refraction of n d ϭ 3.5, set in an external cavity of length L e ϭ 3.3 cm. We also determine a similar linewidth of 250 kHz for a 399 nm Nichia NDHV310APC laser diode (non-AR coated) assembled with a 2400 mm Ϫ1 grating of reflectivity R G1 ϭ 0.60.
For comparison, the method of converting frequency into amplitude noise via the atomic absorption line has allowed us to measure a linewidth as narrow as 30 kHz for a distributed Bragg reflector laser diode, whose intrinsic linewidth was narrowed by optical feedback from a low finesse optical cavity using a setup similar to that described by Dahmani et al. 27 Table 1 effective focal length ϭ 2.75 mm). Different theoretical predictions for the reduced linewidth in the strong feedback regime are also given in Table 1 . 10, 12 As expected from theory, 10,12 the measured linewidth narrows somewhat with higher grating reflectivity R G1 for a fixed grating resolution, i.e., a linewidth decrease by 20% is observed as the reflectivity is tripled from R G1 ϭ 0.2 to R G1 ϭ 0.6. Surprisingly, a much larger effect is observed when the grating resolution is changed: the linewidth decreases by 40% as the resolution is doubled even when the grating reflectivity is lowered. The effect of the grating resolution shows that the simple mirror theory 4 -10 is not fully adequate, and strongly suggests that for describing the linewidth of externalcavity lasers, the competition between diode chip modes must be taken into account. 18 Table 1 also shows that the preferred method of decreasing the linewidth is to increase the grating resolution rather than the grating's first-order reflectivity, since the former does not decrease the available laser output power. Figure 4 gives a physical picture accounting for both effects of grating reflectivity and resolution. The external cavity, formed between the back facet of the laser diode chip and the reflective grating surface, has a finesse determined by the first-order reflectivity of the grating. The grating resolution, on the other hand, sets the width of the grating profile in Fig. 4 . Higher grating resolution, achieved with a grating of higher groove density or a collimator that produces larger beam size, suppresses neighboring diode chip modes better, leading to less mode competition and hence to less frequency noise. In fact, the greater influence of the grating resolution on the linewidth indicates that the suppression of other laser diode chip modes is more important than the finesse of the external cavity.
The results in Table 1 imply that a narrower linewidth can be obtained without sacrificing laser output power by simply using a grating of higher groove density. In addition, we have attempted to increase the grating resolution by using a collimator that produced a larger beam size (Thorlabs C240TM-B, effective focal length ϭ 8.0 mm). We found that even when the optical feedback was only near optimized, we could already achieve a linewidth of 425 kHz using the 1800 mm Ϫ1 grating. On the other hand, the combination of the larger beam size and the 1800 mm
Ϫ1
grating also means that the optical feedback is much more sensitive to the grating angle. At such high sensitivity, slight thermal drifts of the aluminum laser mount made it extremely difficult for the grating to remain at its optimal angle. As a result, we were unable to maintain reliable operation in the mechanical setup of Fig. 2 for this collimator-grating combination.
We also study the effect of the diode AR coating on the linewidth. Table 2 shows both measured and calculated linewidths of AR-coated ͑R 2 ϭ 8 ϫ 10
Ϫ5
͒ and AR-uncoated ͑R 2 ϭ 0.15͒ laser diodes assembled with the same grating (R G1 ϭ 0.27, n ϭ 1200 mm
Ϫ1
). Henry's model predicts that the broader diode chip linewidth of an AR-coated laser 28 compensates for its larger linewidth reduction factor 12 when set in an external cavity, yielding a linewidth on the same order as a non-AR-coated diode laser used with the same grating. The 130 kHz difference between the calculated linewidths in Table 2 is not necessarily significant, because the theory employed does not account for other diode chip modes, which would have been better suppressed in the AR-coated laser. Table 2 shows a slightly narrower linewidth for the AR-coated laser, although the difference is less than the estimated error of 80 kHz associated with each measurement. We conclude that although the AR coating eases the procedure for optimizing grating alignment as well as enhances wavelength tunability (Fig. 1) , its effect on the linewidth is insignificant. This result also agrees with the findings of Binder et al., i.e., lasers with different front facet reflectivities exhibit similar linewidths as long as they are in single-mode operation. 17 The linewidth error of 80 kHz is estimated from the fact that the amount of current injected into the diode laser influences the extent to which the laser operates in a single mode, which in turn affects the linewidth (Fig. 5) . When the laser is about to jump to a different mode, it becomes slightly multi-mode, and the linewidth increases by an order of magnitude due to mode competition. Although we have verified that the laser operated in a single mode during our frequency noise measurements, Fig. 5 shows that there is still a current-dependent linewidth variation of ϳ80 kHz or 20% in the single-mode regime. Table 3 summarizes the smallest linewidths measured for the near-IR diode lasers (780, 852 nm). For comparison, the linewidth of the near-UV laser ͑399 nm͒ is included. Figure 6 shows a new laser mount (mount B) that is designed to reduce mechanical oscillations at higher acoustic frequencies. For the regular mount (mount A, see Fig. 2 ), 2 the grating and laser diode are separately attached to a third aluminum piece that serves as the base of the mount. The vertical and horizontal grating angles are adjusted by turning the screws of the mirror mount holding the grating. Conversely, for mount B, the aluminum block containing the grating is attached directly to the block containing the laser diode via four nylon pull screws. Three stainless steel screws, which push on the block containing the grating and a piezostack sandwiched between the two blocks, respectively, allow the vertical and horizontal grating angles to be adjusted. In fact, the vertical angle only needs to be adjusted slightly, because the optical feedback is already near optimal when the grating sits flush in the machined pocket. Mount B also includes a mirror, which couples the beam out of the mount in a fixed direction regardless of the grating's horizontal angle. 30 The mechanical properties of mount B are characterized in terms of its frequency noise power spectral density and rms jitter at low Fourier frequencies (up to 5 kHz) and are plotted in Figs. 7 and 8, respectively. For comparison, Figs. 7 and 8 also display the data for a laser assembled with mount A. At first glance, mount A appears to be more stable than mount B, because its overall noise is lower. However, the low-frequency noise can be easily reduced with a feedback circuit. In fact, the lower the frequencies at which mechanical resonances occur, the easier it is for the feedback circuit to compensate for noise. In this respect, mount B is better than mount A because its strong mechanical resonance only occurs at 500 Hz, whereas mount A has strong resonances at ϳ2 kHz. As shown in Fig. 8 , the rms jitter of the laser built with mount B is much lower than that for mount A, when both lasers are locked. Integrating from 0 Hz up to a bandwidth of f ϭ 10 kHz, we achieve rms jitters of ⌬ jitter ͑f ͒ ϭ ͕ ͵ 0 f ͓S͑f Ј͔͒ 2 df Ј͖ 1͞2 ϭ 40 and 100 kHz for the actively stabilized lasers built with mounts B and A, respectively.
Mechanical Stability of Laser Mounts

Conclusion
We have measured frequency noise power spectral densities to determine laser linewidths for various grating laser setups. We find typical linewidths of 250-600 kHz for lasers operating near 399, 780, and 852 nm. The linewidth depends on the type of grating and collimator. The presence of an AR coating has an insignificant effect on the linewidth reduction but enhances tuning stability. On the other hand, the higher the grating reflectivity and grating resolution, the narrower the linewidth. In particular, the grating resolution has a larger effect on the linewidth than the grating reflectivity, indicating that a complete theory of external-cavity diode lasers has to account for line broadening due to mode competition.
Using a new laser mount with improved mechanical properties, we were able to achieve a rms jitter of 40 kHz for an actively stabilized system with a loop bandwidth of only 1.5 kHz.
